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Silicon nanoelectronic devices can host single-qubit quantum logic operations with
fidelity better than 99.9%. For the spins of an electron bound to a single donor atom,
introduced in the silicon by ion implantation, the quantum information can be stored
for nearly 1 second. However, manufacturing a scalable quantum processor with this
method is considered challenging, because of the exponential sensitivity of the exchange
interaction that mediates the coupling between the qubits. Here we demonstrate the
conditional, coherent control of an electron spin qubit in an exchange-coupled pair
of 31P donors implanted in silicon. The coupling strength, J = 32.06± 0.06 MHz, is
measured spectroscopically with unprecedented precision. Since the coupling is weaker
than the electron-nuclear hyperfine coupling A ≈ 90 MHz which detunes the two
electrons, a native two-qubit Controlled-Rotation gate can be obtained via a simple
electron spin resonance pulse. This scheme is insensitive to the precise value of J ,
which makes it suitable for the scale-up of donor-based quantum computers in silicon
that exploit the Metal-Oxide-Semiconductor fabrication protocols commonly used in
the classical electronics industry.
Building useful quantum computers is a challenge on
many fronts, from the development of quantum algo-
rithms [1] to the manufacturing of scalable hardware de-
vices [2]. For the latter, adapting the fabrication pro-
cesses already in use in the classical electronics industry
– silicon-based metal-oxide-semiconductor (MOS) pro-
cessing and ion implantation – to the construction of
quantum hardware would represent a great technological
head-start. This was the insight that triggered the first
proposal of encoding quantum information in the spin
state of donor atoms in silicon [3]. Qubits defined by in-
dividual donor-bound electron spins have demonstrated
outstanding quantum gate fidelities, beyond 99.9% [4],
and coherence lifetimes approaching 1 second [5]. The
next challenge is the demonstration of robust two-qubit
logic operations, necessary for universal quantum com-
puting. In this work, we demonstrate the key capability
of performing conditional, coherent quantum operations
on single-donor spin qubits in the presence of weak ex-
change interaction [6]. The weak interaction regime is
crucial to ensure a mode of operation that is compati-
ble with the inherent manufacturing tolerances of silicon
MOS devices.
In their simplest form, two-qubit logic gates can be
executed using three distinct strategies. The first re-
quires the two qubits to have approximately the same
energy splitting, 1 ≈ 2, and turning on the qubit-qubit
interaction J for a finite amount of time [7], yielding
a native SWAP gate [8]. The second strategy imple-
ments a Controlled-Z (CZ) gate by dynamical control
of J . The coupling is switched on for a calibrated time
period, whereby the target qubit acquires a phase shift
proportional to the change in precession frequency de-
termined by the state of the control qubit [9, 10]. The
third strategy implements a native Controlled-Rotation
(CROT) gate via resonant excitation of the target qubit,
whose transition frequency can be made to depend on
the state of the control qubit.
The CROT gate is related to the Controlled-NOT
(CNOT) operation that appears in most quantum algo-
rithms, but imparts an additional phase of pi/2 to the
target qubit. This gate requires the individual qubits’ en-
ergy splittings to differ by an amount δ = |1− 2| much
larger than their coupling J . It was used in early nuclear
magnetic resonance (NMR) experiments [11], supercon-
ducting qubits [12] and, more recently, was adapted to
electron spin qubits in semiconductors, where the energy
detuning δ can be provided by a difference in Landé
g-factors between the two electron spins [9, 13] or by a
magnetic field gradient [14]. For electron spin qubits,
the coupling J originates from the Heisenberg exchange
interaction. The main advantage of this type of gate is
that it can be performed while keeping J constant – an
essential feature when locally tuning J is either impos-
sible or impractical. Moreover, the precise value of J is
unimportant, as long as it is smaller than δ, and larger
than the resonance linewidth.
For donor electron spin qubits in silicon, two-qubit
logic gates based on exchange interactions are particu-
larly challenging. Because of the small (≈ 2 nm) Bohr
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2radius of the electron wave function [15], the exchange
interaction strength decays exponentially with distance
and, when accounting for valley interference, it can even
oscillate upon displacing the atom by a single lattice site
[16]. Therefore, a two-qubit CROT gate where J can
be kept constant and does not need to have a specific
value (within a certain range), is highly desirable. An
embodiment of such gate was proposed by Kalra et al.
[6], who recognized that the energy detuning δ between
two donor electrons can be provided in a convenient and
natural way by setting the donor nuclear spins in oppo-
site states. This causes the electron spins’ energy split-
tings to differ by the electron-nuclear hyperfine coupling
A ≈ 100 MHz.
Until now, all experimental observations of exchange
coupling between individual pairs of donors have been
obtained in the regime J  100 MHz [17–20], where the
native CROT gate described above cannot be performed.
A SWAP operation was recently demonstrated between
strongly exchange-coupled electron spins bound to donor
clusters [20], albeit without coherent quantum control of
the individual spins, i.e. without the ability to encode
quantum information in them. Here we present the ex-
perimental observation of weak exchange interaction in a
pair of ion-implanted 31P donors in isotopically-enriched
28Si [21], and the coherent operation of one qubit con-
ditional on the state of the other. The value of J is
precisely extracted from the measurement of an electron
spin resonance (ESR) spectrum, thanks to the extremely
narrow resonance linewidth.
Quantum description of an exchange-coupled 31P
donor pair
In this section we provide the background theory of
exchange-coupled donor spin qubits, necessary to un-
derstand their behaviour when subjected to the reso-
nant microwave excitations that can constitute a two-
qubit CROT gate. The spectroscopic study of exchange-
coupled donor spins has a long history [22], but here we
focus on an embodiment of two-qubit operations that re-
quires local, individual control of all electron and nuclear
spins in the donor pair [6].
We consider two coupled 31P donor spin qubits in sili-
con, in which one acts as the ‘target’ (subscript t) and the
other as the ‘control’ (subscript c) in a two-qubit quan-
tum logic operation. The spin Hamiltonian (in frequency
units) of the donors placed in a static magnetic field B0
(≈ 1.4 T in our experiment) is described by the electron
(St,Sc, with basis states |↑〉 , |↓〉) and nuclear (It, Ic, with
basis states |⇑〉 , |⇓〉) spin 1/2 vector Pauli operators. In
the presence of a Heisenberg exchange coupling J , the
Hamiltonian takes the form:
H = (µB/h)B0(gtSzt + gcSzc) + γnB0(Izt + Izc)
+AtSt · It +AcSc · Ic + J(St · Sc),
(1)
where µB is the Bohr magneton, h is the Planck con-
stant, and gt, gc ≈ 1.9985 are the Landé g-factors, such
that gµB/h ≈ 27.97 GHz/T. The nuclear gyromag-
netic ratio is γn ≈ −17.23 MHz/T, and At, Ac are the
electron-nuclear contact hyperfine interactions in the tar-
get and in the control donor, respectively; their average
is A¯ = (At +Ac)/2 and their difference ∆A = |At −Ac|.
In bulk donors A = 117.53 MHz, but in a nanoscale elec-
tronic device each atom may have a different A due to
local wavefunction distortions induced by strain and/or
electric fields [23, 24].
With this Hamiltonian, we can calculate the outcome
of an ESR experiment where an oscillating magnetic field
B1 cos (2piνt) applied along the x-direction induces tran-
sitions between an initial and final eigenstate |ψi〉 , |ψf〉,
with probability PESR = | 〈ψi| (σxc+σxt) |ψf〉 |2. Since we
will present an experiment where the excitations are de-
tected by reading out the z-projection of the target qubit,
we multiply PESR of each transition by the change in ex-
pectation value of that qubit between initial and final
state, i.e. by ∆〈Szt〉 = | 〈ψf |Szt |ψf〉 − 〈ψi|Szt |ψi〉 |. The
complete ESR spectrum, calculated over all possible ini-
tial electron and nuclear eigenstates, is shown in Fig. 1c.
It exhibits six main resonance lines, labelled `1 . . . `6,
plus eight faint resonances (`1a . . . `6a, `2b, `5b).
To understand the features of this ESR spectrum,
we first consider the parameter range of relevance for
a CROT gate, namely ∆A  J  A¯. If the nu-
clear spins are in a parallel orientation, |⇓c⇓t〉 or |⇑c⇑t〉,
the eigenstates of the system are the tensor products
of the nuclear states with the electron singlet, |S〉 =
(|↑c↓t〉 − |↓c↑t〉)/
√
2, and triplet states, |T−〉 = |↓c↓t〉,
|T0〉 = (|↑c↓t〉 + |↓c↑t〉)/
√
2, |T+〉 = |↑c↑t〉. The corre-
sponding ESR lines are `2 (active when the nuclei are in
the state |⇓c⇓t〉) and `5 (|⇑c⇑t〉). Each of these lines is
doubly degenerate, since it describes transitions between
|T−〉 ↔ |T0〉 and |T0〉 ↔ |T+〉 that have identical fre-
quencies. Because of this degeneracy, the excitation of
one spin does not depend on the state of the other.
A conditional 2-qubit operation becomes possible if
the nuclei are prepared in opposite state. In this case,
the Hamiltonian eigenstates are the tensor products
of the nuclear states (|⇓c⇑t〉 or |⇑c⇓t〉) with the elec-
tronic states |↓c↓t〉, |˜↑c↓t〉, |˜↓c↑t〉, |↑c↑t〉, where |˜↑c↓t〉 =
cos θ |↑c↓t〉+sin θ |↓c↑t〉, |˜↓c↑t〉 = cos θ |↓c↑t〉−sin θ |↑c↓t〉,
and tan(2θ) = J/A¯ (see Supplementary Information, sec-
tion I). This situation is equivalent to that found in dou-
ble quantum dot systems, but here the energy detuning δ
between the qubits is provided by the hyperfine coupling
A¯ instead of a field gradient [14] or a g-factor difference
[13].
The corresponding ESR lines come in pairs character-
ized by a common nuclear state. For |⇓c⇑t〉 we find
`1, describing the transition |↓c↓t〉 ↔ |˜↓c↑t〉, and `3
(|˜↑c↓t〉 ↔ |↑c↑t〉), while for |⇑c⇓t〉 the same electronic
transitions are represented by `4 and `6, respectively (see
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Figure 1 | Two-qubit gate operation for weakly exchange-coupled 31P electron spin qubits. a, Scanning electron
micrograph of a device similar to the one used in the experiment, with labels describing the function of the metallic gates on
the surface. b, Schematic cross-section of the device, depicting a pair of donors ≈ 10 nm beneath a thin SiO2 dielectric, inside
an isotopically-enriched 28Si epilayer. c, Simulated electron spin resonance (ESR) spectrum of a donor pair, as a function
of exchange coupling J . See main text for a detailed description of the resonance lines. d, Simplified schematic of the ESR
spectrum of the target donor when the nuclear spins are in anti-parallel configurations. The nuclear spins provide an energy
detuning δ = A¯, while the exchange interaction splits by J the resonance frequencies of the target qubit, depending on the
state of the control qubit. At the bottom, cartoons and quantum circuit diagrams illustrate the electron spin rotations and the
quantum gate operations (CROT and Zero-CROT) obtainable on each of the depicted resonance lines. Here we define |↓〉 as
computational |0〉 state.
Fig. 1d). The frequency separation between `1 and `3,
and between `4 and `6, is precisely the exchange coupling
J [6]. Since the frequencies of these four transitions de-
pends on the state of the control qubit, a selective pi-pulse
on each transition represents a two-qubit conditional gate
operation, as depicted in Fig. 1d.
The simulated ESR spectrum in Fig. 1c highlights sev-
eral additional faints resonances: `1a . . . `6a, `2b, `5b.
These resonances appear for antiparallel nuclear configu-
rations because, when J > 0, the eigenstates of the two-
electron system include the partially entangled |˜↑c↓t〉,
|˜↓c↑t〉. This has some important consequences. Firstly,
consider e.g. the transition from |↓↓〉 to |˜↓c↑t〉. Although
the most probable outcome is flipping the target elec-
tron (as intended in a CROT gate), there is a probabil-
ity sin2 θ of flipping the control electron, with possible
repercussions on the subsequent operations. Secondly, a
transition addressing the control electron can be visible
also while observing only the target qubit. Consider for
instance `4a and `6a: They are the “sister resonances”
(i.e. with the same nuclear spin orientation, |⇓c⇑t〉) of
lines `4 and `6 for the target electron, but they are de-
tected at the frequencies corresponding to `1 and `3 for
the control electron. These lines appear and increase in
intensity once J > ∆A.
If J is increased further, beyond the value of A¯, the
eigenstates of the Hamiltonian (1) evolve into singlet and
triplet electron states. ESR transitions associated with
what becomes the singlet state (`2a, `1, `4a, `2b, `5a,
`3a, `6, `5b) will progressively vanish as J increases, since
the singlet has total spin S = 0 and constitutes an ESR
inactive state. Spin transitions can be induced between
electron triplet states, but they all have the same fre-
quency, independent of J . Therefore, the branches `3,
`6a, `1a and `4 merge into a single line located between
the trivial resonances (`2 and `5). The regime J > A¯ is
of no interest for the implementation of resonant CROT
4gates (the corresponding ESR spectrum is thus not shown
in Fig. 1c), but can become the basis for a native SWAP
gate [6].
Ion implantation strategies
We fabricated two batches of devices designed to ex-
hibit exchange interaction between donor pairs. In addi-
tion to the implanted 31P donors, the devices include
a single-electron transistor (SET) to detect the donor
charge state, four electrostatic gates to control the donor
potential, and a microwave antenna to deliver oscillating
magnetic fields (see Figure 1a).
The ion implantation step was executed using two dif-
ferent strategies. We first implanted a batch of devices
with a low fluence of P+2 molecular ions, accelerated with
a 20 keV voltage (corresponding to 10 keV/atom). When
a P+2 molecule hits the surface of the chip, the two P
atoms break apart and come to rest at an average dis-
tance that depends on the implantation energy. We chose
the energy and the fluence (5× 1010 donors/cm2) to ob-
tain well-isolated pairs; that is, we used the choice of
acceleration energy to determine the most likely distance
between donors resulting from an individual P+2 molecule
(see Fig. 2c), and adapted the fluence to obtain a low
probability of donor pairs overlapping with each other.
A representative charge stability diagram of this type
of devices, taken by sweeping the SET top gate volt-
age, stepping the donor gate voltage, and monitoring the
transistor current, is shown in Fig. 2a. A small num-
ber of isolated donor charge transitions – identifiable as
near-vertical breaks in the regular patterns of SET cur-
rent peaks – reveals well-separated individual donors, but
too low a chance that two donors may be found in close
proximity.
We thus fabricated another batch of devices, where
we implanted a high-fluence (1.25× 1012 donors/cm2) of
single P+ ions at 10 keV energy. This yields a 25-fold
increase in the donor density (see Fig. 2d,f, and Supple-
mentary Information, Section II), reflected in the much
larger number of observed charge transitions in a typical
stability diagram (Fig. 2b).
In a device with high-fluence P+ implanted donors we
identified a pair of charge transitions that, under suitable
gate tuning, cross each other (Fig. 3a). As expected from
the electrostatics of double quantum dots, this results in
a “honeycomb diagram”, where the crossing between the
charge transitions is laterally displaced by the mutual
charging energy of the two donors [25]. Note that this
in itself does not provide any indication of the existence
of a quantum-mechanical exchange coupling. Spin ex-
change would appear as a curvature in the sides of the
honeycomb diagram [26], but its value would need to be
 1 GHz to be discernible in this type of experiment.
Spectroscopic measurement of exchange interac-
tion
The experimental methods for control and readout of
the 31P donors follow well-established protocols. We per-
form single-shot electron spin readout via spin-dependent
tunneling into a cold charge reservoir [27, 28], and coher-
ent control of the electron [29] and nuclear [30] spins via
magnetic resonance, where an oscillating magnetic field
is provided by an on-chip broadband microwave antenna
[31].
Controlling the two pulsing gates above the donor im-
plantation area allows us to selectively and independently
control the charge state of each donor, which can be set
to either the neutral D0 (electron number N = 1) or the
ionized D+ (N = 0) state. In particular, we can freely
choose the electrochemical potential of the donors with
respect to each other, i.e. which of the donors ionizes
first, while the other remains neutral (see Supplementary
Movie).
On the stability diagram in Fig. 3a we identify the four
regions corresponding to the neutral (N = 1) and ion-
ized (N = 0) charge states of each donor. For example,
the boundary between the (0c,0t) and (0c,1t) regions is
where the second donor (target) can be read out via spin-
dependent tunneling to the SET island [27, 28], while
the first (control) remains ionized. This is because, when
transitioning from e.g. (0c,1t) to (0c,0t), the lost charge
is absorbed by the island of the SET, which is tunnel-
coupled to the donors [27]. At low electron temperatures
(Tel ≈ 100 mK) and in the presence of a large magnetic
field B0 ≈ 1.4 T, the tunnelling of charge from donor to
SET island becomes spin dependent, since only the |↑〉
state has sufficient energy to escape from the donor. This
mechanism provides the basis for the single-shot qubit
readout [28]. Therefore, the boundary (0c,0t) ↔ (0c,1t)
is where we can observe the spin target donor while it
behaves as an isolated system, since the control donor is
ionized at all times.
This expectation is confirmed by the ESR spectrum
shown in Fig. 3b, which exhibits the two ESR peaks con-
sistent with the two possible nuclear spin orientations of
a single 31P donor [30]. Since we are measuring a single
atom, each trace normally contains only one peak, but oc-
casionally the nuclear spin flips direction during the scan,
so a single trace can also exhibit both peaks. Since the
intrinsic ESR linewidth is extremely narrow (a few kilo-
hertz in isotopically enriched 28Si [5]), finding the reso-
nances is a time-consuming process. To speed this up, we
used adiabatic spin inversion [32] with a 6 MHz frequency
chirp, resulting in a large electron spin-up fraction when-
ever a resonance falls within the frequency sweep range.
The 6 MHz width of the frequency sweeps is the cause of
the artificial width and shape of the resonances shown in
Fig. 3.
In the next step, we operate near the boundary
(1c,0t)↔(1c,1t) where the target donor is read out, but
the control donor is in the neutral D0 charge state, with
an electron bound to it. Repeatedly measuring the ESR
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Figure 2 | Comparison of two ion implantation strategies. a,b, The current through a single-electron transistor (SET)
displays characteristic Coulomb peaks, appearing as bright diagonal lines, as a function of the gate voltages. The presence of a
donor coupled to the SET is revealed by discontinuities in the pattern of Coulomb peaks, occurring when the donor changes its
charge state. a, Charge stability diagram (i.e. SET current vs. SET and donor gates voltages) in a device where P+2 molecular
ions were implanted at a fluence corresponding to 5 × 1010 donors/cm2, compared to (b) a device where P+ single ions were
implanted with high fluence, yielding 1.25 × 1012 donors/cm2. The much higher number of observable charge transitions in
b is consistent with the higher donor density in the device. An arrow indicates a region where the charge transitions of two
different donors cross each other (see also Figure 3a). c, Simulated probability density of inter-donor distance for P+2 molecule
implantation at the fluence of 5 × 1010 donors/cm2. d, A much higher probability density for small inter-donor distances is
obtained for P+ implantation at the fluence 1.25× 1012 donors/cm2. The device sketches show simulated random placements
of donors for the P+2 molecular (e), and the high-fluence P+ ion (f) implantation strategies. Red dots represent P+ ions that
crossed through the 8 nm thick SiO2 dielectric layer and stopped in the Si crystal, thus becoming active substitutional donors.
spectrum of the target donor, now reveals four possi-
ble ESR peaks. We interpret this as evidence for the
presence of an exchange interaction J between the two
donor electrons: The four ESR peaks correspond to the
four possible orientations of the two donor nuclear spins,
while the control donor is in the |↓〉 state (`1, `2, `4, `5).
Observing all six main ESR lines would require preparing
the control donor electron in the |↑〉 state, which was not
attempted in this experiment. Here, the nuclear spins’
state was not deliberately controlled, but all spin configu-
rations were eventually reached through random nuclear
flips. In one occasion we also detected an additional ESR
peak, consistent with line `5a (Fig. 3c, grey line). This
resonance represents a (rare) transition from the two-
electron |T−〉 state to a state with a predominant |S〉
component, conditional on the |⇑⇑〉 nuclear spin config-
uration.
Despite the 6 MHz width of the ESR lines caused by
the adiabatic inversion, it is clear by comparing Figs. 3b
and c that the addition of a second electron introduces a
significant Stark shift of both the hyperfine coupling At
and the g-factor gt of the target donor. While Stark shifts
of donor hyperfine couplings and g-factors as a function
of applied electric fields have been observed before [33],
including on single donors [24], the observation of such
shifts from the addition of a single charge in close prox-
imity is novel. We anticipate that a systematic analysis
of A and g Stark shifts under controlled conditions may
help elucidating the precise nature of the electron wave-
functions in exchange-coupled donors, and benchmarking
the accuracy of microscopic models.
Once the approximate frequencies of the electron spin
resonances are found by adiabatic inversion with chirped
pulses, we switch to short constant-frequency pulses in
order to measure linewidths limited solely by the pulse
excitation spectrum. Here, unlike the experiments in
Fig. 3, the four different nuclear spin configurations
|⇓⇓〉 , |⇓⇑〉 , |⇑⇓〉 , |⇑⇑〉 are deliberately set by projective
nuclear readout followed, if needed, by coherent manip-
ulation of the individual nuclear spins with NMR pulses
[30]. To address a specific nuclear spin, we keep the tar-
get donor ionized while the control donor is in the neutral
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Figure 3 | Signature of exchange coupling between
electron spins in a 31P donor pair. a, Charge stability di-
agram around two donor charge transitions, obtained by scan-
ning the voltages on the pulsing SET and the pulsing donor
gates (unlike Figure 2b, where the DC gates were scanned,
which have stronger capacitive coupling to the donors). A
clear two-electron honeycomb diagram can be resolved. The
dashed white lines follow the control donor transition, while
the dashed green lines follow the target donor. The measure-
ment demonstrates an access to all charge occupation regions.
Blue and red circles mark the spin readout points for the tar-
get electron, while the blue hexagon and red star mark the
spin control regions for different charge occupations. b, ESR
spectrum acquired in the (0c,1t) region (blue hexagon), i.e.
with the control donor ionized. Only two ESR peaks arise,
related to the nuclear spin configuration of the target donor.
c, If the ESR spectrum of the target donor is measured in
the (1c,1t) region (red star), the exchange coupling with the
control electron gives rise to the four main peaks `1 (blue), `2
(red), `4 (yellow), `5 (green), corresponding to the four pos-
sible nuclear spin configurations, while the control electron is
|↓〉. In one scan (grey line) we observed the occurrence of the
rare `5a transition (see text).
state, with its electron spin in |↓〉. This renders the NMR
frequencies of each nucleus radically different, with νnt =
γnB0 ≈ 24.173 MHz and νnc = γnB0 + Ac/2 ≈ 67.92
MHz.
The full ESR spectrum is presented in Fig. 4b along
with insets that display the individual power-broadened
resonance peaks. The experimental ESR spectrum shown
in Fig. 4b can be compared to the numerical simulations
of the full Hamiltonian (Eq. 1) for the specific param-
eters of this donor pair. In addition to the exchange
coupling J , the Hamiltonian contains five unknown pa-
rameters: the contact hyperfine couplings At and Ac,
the electron g-factors gt and gc, and the static magnetic
field B0. Although B0 is imposed externally, its precise
value at the donor sites can have a slight uncertainty,
e.g. due to trapped flux in the superconducting solenoid,
or positioning the device slightly off the nominal cen-
ter of the field. B0 can be combined with the average
of gt and gc to yield an average of the Zeeman energy
E¯Z/h = (gt + gc)µBB0/2h of the donor electrons, which
would rigidly shift the manifold of ESR frequencies. If,
in addition, we assume that gt = gc, we are left with four
free fitting parameters, J,At, Ac, E¯Z/h which can be ex-
tracted from the knowledge of the four ESR frequencies.
In the numerical simulations, we vary the hyperfine
coupling of target and control donors, At and Ac, to find
a combination of values that allows matching all four
ESR frequencies at the same magnitude of the exchange
interaction J . Fig. 4a shows the result of the simula-
tion that best matches the ESR spectrum of Fig. 4b,
using At = 97.75 ± 0.07 MHz, Ac = 87.57 ± 0.16 MHz,
and J = 32.06 ± 0.06 MHz. Errors indicate the 95%
confidence levels. With these values, all ESR frequencies
were matched with a maximum error ∆` = max(|`1sim−
`1exp|; |`2sim − `2exp|; |`4sim − `4exp|; |`5sim − `5exp|) =
47.4 kHz, only slightly larger than the 30 kHz resolution
of the measurement itself. This spectroscopic method
constitutes the most accurate measurement of exchange
interaction between phosphorus donor pairs obtained to
date.
Resonant CROT gate
Coherent control of one of the two electron spins is
demonstrated in panel Figure 4c-f. ESR control of the
electron spin is performed in the (1c,1t) region, with the
control electron in the |↓〉 state. We observe Rabi oscil-
lations for all four nuclear spin configurations. Electron
spin rotations driven on `1 (|⇑c↓c⇓t↓t〉 ↔ ˜|⇑c↓c⇓t↑t〉, yel-
low line) and `4 (|⇓c↓c⇑t↓t〉 ↔ ˜|⇓c↓c⇑t↑t〉, green line)
are conditional upon the control electron being in the |↓〉
state. Therefore, a pi-pulse on one of these ESR reso-
nances constitutes a CROT two-qubit gate.
For the “trivial” resonances, where the nuclear spins
are either |⇓⇓〉 (`2, red line) or |⇑⇑〉 (`5, pink line), the
Rabi oscillations have a visibility VRabi = P↑(pi)−P↑(0) ≈
0.75. In contrast, the non-trivial, conditional resonances
`1 and `4, have a significantly lower visibility VRabi ≈ 0.5.
We considered whether this could be explained by the
fact that `1 and `4 represent transitions to the |˜↓↑〉 state
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Figure 4 | Conditional and unconditional coherent control of the target qubit in the presence of an exchange-
coupled control qubit. a, Simulated evolution of the ESR spectrum as a function of exchange coupling J , using the
system Hamiltonian (Eq. 1) with parameters matching the experimental results. b, Measured ESR spectrum of the target
electron in the (1c,1t) charge region. The control electron is kept in the |↓〉 state, while the four nuclear spin configurations
are deliberately initialized by nuclear magnetic resonance. All ESR peaks match the simulation by choosing the parameters
J = 32.06± 0.06 MHz, At = 97.75± 0.07 MHz, Ac = 87.57± 0.16 MHz, with maximum error ∆` = 47.4 kHz. c-f, Target qubit
Rabi oscillations measured on each of the resonances, `1 (c), `2 (d), `4 (e), `5 (f). A pi-pulse on `1 or `4 transitions constitutes
a CROT two-qubit logic gate (Fig. 2c). The same microwave source output power (8 dBm) has been used to drive all Rabi
oscillations. The frequency Ω of the observed Rabi oscillations exhibits variations of up to a factor 4 between resonances,
possibly due to a non-monotonic frequency response of the microwave transmission line. The visibility of the Rabi oscillations
is systematically lower in the conditional resonances (`1 and `4), as compared to the unconditional ones (`2 and `5).
rather than |↓↑〉. Given the measured J ≈ 32.06 MHz
and A¯ = 92.66 MHz, the final state for resonances `1
and `4 is |˜↓c↑t〉 = 0.986 |↓c↑t〉+ 0.166 |↑c↓t〉. This would
account for only a 2.7% loss in visibility when measuring
the transition through the target qubit.
Another possible contribution to the loss of Rabi visi-
bility can arise because, in a coupled qubit system, mea-
suring one qubit can affect the state of both. Here, the
single-shot measurement of the target electron can result
in the |˜↓c↑t〉 state being projected to |↓c↑t〉 or |↑c↓t〉. If
the system is projected to |↑c↓t〉 and the control electron
is not reinitialized in |↓c〉 for the next single-shot mea-
surement, the ESR resonances `1 or `4 become inactive.
Resetting the control electron to the |↓〉 state requires
waiting a relaxation time T1, during which no excitation
of the target spin would be achieved on `1 or `4. In
this device, we measured T1 = 3.4 ± 1.3 s on the target
electron spin (Supplementary Information, Section III).
Therefore, even though the chance of projection to |↑c↓t〉
is low (2.7%), this effect could propagate over several
measurement records. This hypothesis can be verified by
inspecting the single-shot readout trace (Supplementary
Information, Section IV). After a pi-pulse on `1 or `4 we
observe instances where a few successive readout traces
show a |↓〉t outcome. However, such instances of miss-
ing target excitation do not last for more than ≈ 20 ms
– two orders of magnitude less than the measured T1 of
the target electron spin. Therefore, also this explanation
appears improbable. Overall, we conclude that even per-
forming a simple Rabi oscillation on a conditional res-
8onance in exchange-coupled donors unveils unexpected
details that warrant further investigation.
The complete benchmarking of a two-qubit logic gate
requires the coherent control and individual readout of
both qubits. ESR control is easily extensible to numer-
ous spins. For the readout, it is often but not always
possible to read two (or more) spins sequentially using
the same charge sensor. This depends simply on whether
all donors electrons have a tunnel time to the reservoir
that falls within a usable range (typically 10 µs – 10 ms).
Even if only one donor (e.g. the target) happens to be
readable, the control donor spin states can be read out
via a quantum non-demolition (QND) method by using
the target electron as ancilla qubit, as already demon-
strated in exchange-coupled double quantum dot systems
[34, 35]. This process requires a long relaxation time T1
of the electron spins in presence of weak exchange cou-
pling. The target electron T1 = 3.4±1.3 s measured here
is close to that of single, uncoupled donor electrons spins
[36], and indicates that an ancilla-based QND readout
will be an available option for future experiments.
Conclusions
We have presented the experimental observation of
weak exchange coupling between the electron spins of a
pair of 31P donors implanted in 28Si. The exchange in-
teraction J = 32.06± 0.06 MHz was determined by ESR
spectroscopy, and falls within the range J < A where
a native CROT two-qubit logic gate can be performed
by applying a pi-pulse to the target electron after setting
the two donor nuclear spins in opposite states. These
results represent the first demonstration of hyperfine-
controlled CROT gate for donor electrons [6] – a scheme
that is intrinsically robust to uncertainties in the donor
location, since it only requires J to be smaller than
A ≈ 100 MHz, and larger than the inhomgeneous ESR
linewidth ≈ 10 kHz.
The present work already unveiled peculiar effects,
such as the Stark shift of hyperfine coupling and g-factors
in the presence of an exchange-coupled electron, and un-
explained features in the visibility of conditional qubit
rotations. Future experiments will focus on benchmark-
ing the fidelity of a complete one- and two-qubit gate
set, and studying the noise channels affecting the oper-
ations. The suitability of this exchange-based logic gate
for large-scale quantum computing will be assessed by in-
tegrating deterministic, counted single-ion implantation
within the fabrication process [37], and studying the de-
vice yield and gate performance while subjected to real-
istic fabrication tolerances.
Methods
Sample fabrication
Silicon MOS processes are employed for the donor spin
qubit device fabrication. A silicon wafer is overgrown with
a 0.9 µm thick epilayer of the isotopically purified 28Si with
29Si residual concentration of 730 ppm [21]. Heavily-doped
n+ regions for Ohmic contacts and lightly-doped p regions
for leakage prevention are defined by phosphorus and boron
thermal diffusion. A field oxide (200 nm thick SiO2) is grown
using a wet thermal oxidation process. The central active
area is covered with a high-quality thermal oxide (8 nm thick
SiO2) grown in dry conditions. Subsequently, an aperture of
90 nm × 100 nm is defined in a PMMA mask using electron-
beam-lithography (EBL). Through this aperture, the samples
are implanted with atomic (P) or molecular (P2) phosphorus
ions at an acceleration voltage of 10 keV per ion. During
implantation the samples were tilted to minimize the pos-
sibility of channeling implantation. The final P atom po-
sition in the device is determined using full cascade Monte
Carlo SRIM simulations. The projected range of the im-
plant is approximately 10 nm beyond the SiO2/Si interface.
The size of the PMMA aperture is taken into account when
determining the P-P donor spacing. Post implantation, a
rapid thermal anneal (5 seconds at 1000 ◦C) is performed for
donor activation and implantation damage repair. A nano-
electronic device is defined around the implantation region
through two EBL steps, each followed by thermal deposition
of aluminium (20 nm thickness for layer 1; 40 nm for layer
2). Between each aluminum layer, the Al2O3 is formed by
immediate, post-deposition sample exposure to a pure, low
pressure (100 mTorr) oxygen atmosphere. The final step is a
forming gas anneal (400 ◦C, 15min, 95% N2 / 5% H2) aimed
at passivating the interface traps.
Experimental setup
The device was placed in a copper enclosure and wire-
bonded to a gold-plated printed circuit board (PCB) using
thin aluminium wires. The sample was mounted in a Blue-
fors LD400 cryogen-free dilution refrigerator with base tem-
perature of 14 mK, and placed in the center of the magnetic
field produced by the superconducting solenoid in persistent
mode (≈ 1.4 T). The magnetic field was oriented perpendicu-
lar to the short-circuit termination of the on-chip microwave
antenna and parallel to the sample surface.
DC bias voltages, sourced from Stanford Instruments
SIM928 isolated voltage sources, were delivered to the SET
top gate, the barrier gates and the DC donor gates through
20 Hz low-pass filters. A room-temperature resistive combiner
was used to add DC voltages (Stanford Instruments SIM928)
to AC signals produced by a LeCroy ArbStudio 1104. The
combined signals were delivered to the pulsing SET gate and
the pulsing donor gates through 80 MHz low-pass filters. Mi-
crowave pulses for ESR were generated by an Agilent E8257D
50GHz analog source; RF pulses for NMR were produced by
a Agilent N5182B 6GHz vector source. RF and microwave
signals to be delivered to the microwave antenna were com-
bined at room temperature and delivered through a semi-
rigid coaxial cable fitted with a 10 dB attenuator mounted
at the 4 K plate and a 3 dB attenuation at the 14 mK
stage. The SET current was measured by a Femto DLPCA-
200 transimpedance amplifier at room temperature (107 V/A
gain, 50 kHz bandwidth), followed by a Stanford Instruments
SIM910 JFET post-amplifier (102 V/V gain), Stanford Instru-
ments SIM965 analog filter (50 kHz cutoff, low-pass Bessel
filter), and acquired via an AlazarTech ATS9440 PCI digi-
tizer card. The instruments were synchronized by a SpinCore
Pulseblaster-ESR TTL generator.
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